
REPORT DOCUMENTATION PAGE Form Approved
OMB No. 0704-0188

Public reporting burden for this collection of Information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources,
gathering and maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this
collection of information, including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302, and to the Office of Management and Budget, Paperwork Reduction Project (0704-0188), Washington, DC 20503.

1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

5.Aug.05 DISSERTATION
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS

CORRECTING FOR PRECIPITATION EFFECTS IN SATELLITE-BASED
PASSIVE MICROWAVE TROPICAL CYCLONE INTENSITY ESTIMATES.

6. AUTHOR(S)

CAPT WACKER ROBERT S

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
UNIVERSITY OF WISCONSIN MADISON REPORT NUMBER

C104-1153

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/MONITORING
THE DEPARTMENT OF THE AIR FORCE AGENCY REPORT NUMBER

AFIT/CIA, BLDG 125
2950 P STREET
WPAFB OH 45433

11. SUPPLEMENTARY NOTES

12a. DISTRIBUTION AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE
Unlimited distribution
In Accordance With AFI 35-205/AFIT Sup 1

13. ABSTRACT (Maximum 200 words)

DISTRIBUTION STATEMENT A
Approved for Public Release

Distribution Unlimited

14. SUBJECT TERMS 15. NUMBER OF PAGES

146
16. PRICE CODE

17. SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 19. SECURITY CLASSIFICATION 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT

Standard Form 298 (Rev. 2-89) (EG)
Prescribed by ANSI Std. 239.18
Designed using Perform Pro, WHS/DIOR, Oct 94



CORRECTING FOR PRECIPITATION EFFECTS IN SATELLITE-BASED

PASSIVE MICROWAVE TROPICAL CYCLONE INTENSITY ESTIMATES

by

Robert S. Wacker

A dissertation submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

(Atmospheric and Oceanic Sciences)

at the

UNIVERSITY OF WISCONSIN-MADISON

2005

20050815 048



Abstract

Accurate tropical cyclone (TC) intensity estimates are best achieved from satellite

observations. The Advanced Microwave Soun ding Unit (AMSU) has operated since 1998 on

polar-orbiting environmental satellites and is able to measure the warm temperature anomaly in

the upper troposphere above a TC's center. Through hydrostatic equilibrium, this warm anomaly

is roughly proportional to the TC's sea-level pressure anomaly. Based on this principle, the

Cooperative Institute for Meteorological Satellite Studies (CIMSS) provides near real-time

AMSU-based estimates of TC minimum sea-level pressure (MSLP) to forecast centers

worldwide. These estimates are as accurate as the benchmark Dvorak technique, but are subject

to error caused by precipitation effects (primarily brightness temperature reduction by scattering)

on the AMSU 55 GHz channels sensitive to upper-tropospheric temperature.

Simulated AMSU brightness temperatures (TB's) are produced by a polarized

reverse Monte Carlo radiative transfer model using representative TC precipitation profiles.

Results suggest that precipitation depression of high-frequency window channel TB's is

correlated with depression of sounding channel TB's and can be used to correct for scattering

effects on the AMSU channels used in TC intensity estimates. Analysis of AMSU data over the

tropical oceans confirms this, and forms the basis for an empirical scattering correction using

AMSU 31 and 89 GHz TB's. This scattering correction reduces CJMSS TC MSLP algorithm

RMS error by 10% in a 7-year, 497 observation sample.
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1. Introduction

Tropical cyclones are among the most deadly and damaging of natural phenomena. In

extreme cases, such as the Bangladesh Typhoon of 1970, they have killed 300,000 people

(WMO Tropical Cyclone Programme 2000). In the Western world, timely warnings, mass

communication, and efficient transportation make loss of life much smaller. However, rapid

development along vulnerable coastlines has caused a different problem: exponentially

increasing damage costs. Hurricane Andrew, the costliest natural disaster to strike the U.S.,

caused $25 billion of damage to south Florida in 1992 (Rappaport 1993). U.S. hurricane damage

in a typical year approaches $5 billion (Pielke and Landsea 1998). Evacuation costs alone can be

staggering, often estimated at near $1 million per mile of affected coastline (Whitehead 2000).

With a large number of bases and deployed forces in the tropical Western Pacific and

Indian Ocean, as well as the Southeast United States, the Department of Defense (DoD) is

extremely vulnerable as well to fatalities, damage, and disrupted operations caused by TC's. To

minimize the risk of damage to critical ships, aircraft, and hardware, commanders are forced to

evacuate them from installations in the path of a TC, costing several hundred thousand dollars--

and several days of lost training--per occurrence per installation (Dumas and Tibbetts 2004).

Because of these significant impacts, affected nations maintain TC forecast and warning

centers. The U.S. National Hurricane Center (NHC) and Central Pacific Hurricane Center join

counterparts from Japan, Australia, Fiji, India, and France to form the World Meteorological

Organization's network of Regional Specialized Meteorological Centers (RSMC's), each having

official TC warning responsibility for a portion of the tropical oceans. DoD also maintains the

Joint Typhoon Warning Center (JTWC) at Pearl Harbor, Hawaii, with responsibility for timely



2

JTWC Western North Pacific Basin N-IC Atlantic Basin
Forecast Track Error + 24hr Forecast Track Error + 24hr

300 -. o48hr 300 0 48hr

z250 X 0 x72hr z 250 X72hr

.200 - . 200 X -. ........ XW~ 0.. XX......
..0.. X 1-

150+ "o Q

+ 0----- - -- ý P ..I- 100 - ---- -- 100 0
"+ " " + '- %F + - -0

50 50
" 0 0 . . U 0 . . . . . .. ' '
LL 0 _ _ _ _ _ _ _ _ o_ _ _ _ _ _ _

A0 CO M- M C o M -4 0 ~ U) W) (0 M- M C) 0 N M' M' - U
M C) 0) 0) 0) C) 00 00 0 0 0 ) 3 ") C CD 00 C

) C) C) O) C) 0 0 0 0 0 0 ) C) C) C) OC) 0 C) 0 0 0 0
...NlC4 2 20 CC I Q-j (M N M N N M

Year Year

JTWC Western North Pacific Basin NHIC Atlantic Basin

Forecast Intensity Error + 24hr Forecast Intensity Error + 24hr

30 o 48hr 30 o 48hr

25 X X X 72hr • 25 X 72hr
ua"" X .. . . • ...... X<.. Y\ ..... . "> 20 X 0 0 x X > 20 X ....

6...20..... -- 2------------- .'-X X
15 0 15 6---.15

+ X

+ V + ----+•- .
+10 + + 'F"+

2 5 2 5
0 0

U) CD I , M0 C0 N 0, t U) 0 , N M C, N M , t LO
M ) C) C C) C) C) 0) 0 0) 0) 0 0ý C) Co C) C>

C) C) C) C) C 0 0 0 0 ) ) ) ) C > 0 0 o 0 , 0 D 0 c
T--N N N N1 N2 N, N N N N N N

Year Year

Figure 1.1: Comparison of TC track (top row) and intensity (bottom row) forecast accuracy
trends. Joint Typhoon Warning Center Western North Pacific basin performance is in the left
column; National Hurricane Center Atlantic basin is in the right column; 24-, 48-, and 72-
hour forecast accuracies are depicted (from http://www.nhc.noaa.gov/verification/ and
http://www.npmoc.navy.mil/jtwc/climostats/Statclimo.html).

TC forecast and warning support to U.S. Government assets throughout the Pacific and Indian

Oceans (USCINCPAC Inst 3140.1X).

Accurately predicting TC effects requires correctly forecasting storm track, maximum

sustained wind speed (Vmx), and spatial wind distribution. Numerical weather prediction (NWP)

model improvements and focused research focus have produced impressive recent gains in track

forecast performance. But as shown in Figure 1.1., intensity (in the form of Vino) forecast
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performance has improved little over the past decade. Accordingly, research emphasis has

shifted somewhat in recent years, increasing effort devoted to accurate TC intensity and wind

field structure forecasts.

TC warning centers utilize a suite of NWP models, statistical aids, and empirical rules

when formulating their official TC track and intensity forecasts. At present, the best intensity

forecast tools are statistical, using multiple regression to predict future intensity from a selection

of current TC parameters (DeMaria and Kaplan 1999; Knaff et al. 2003). For intensity forecasts

out to 72 hours, the leading predictors used by the statistical models are Vmax and its 12-hour

trend. Accurate intensity forecasts, therefore, depend critically upon accurate current intensity

observations.

Tropical cyclone winds are driven by the strong horizontal pressure gradient between the

environment and the low pressure at the storm's center, so TC intensity can be described by

either Vmax or the minimum sea-level pressure (MSLP) at storm center. Neither measure is

entirely satisfactory, though. A single maximum wind speed value is not representative of the

highly asymmetric 3-d wind distribution caused by storm motion, shear, eddy-scale variability,

and variations in storm size. While MSLP gives a first-order estimate of the maximum storm

wind, it does not describe the fine-scale variability in the horizontal pressure gradient, which is

responsible for the maximum sustained wind. Several attempts have been made to rectify these

definitions of intensity through development of empirical wind-pressure relationships or standard

radial distributions of wind and pressure (Atkinson and Holliday 1977; Holland 1980). To first-

order, these relationships provide a conversion between V,,. and MSLP as measures of intensity.

For the purposes of this study, MSLP will be used for intensity, since it is more readily observed
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by aircraft reconnaissance than the highly-localized Vmax.

Forecasters and researchers use three primary means to measure MSLP. The most

desirable is in situ measurement via aircraft reconnaissance. Since the end of World War II, the

U.S. Air Force, U.S. Navy, and National Oceanographic and Atmospheric Administration

(NOAA) have performed this mission in the Western North Pacific (WNP), Central Pacific (CP),

Eastern Pacific (EP), and Atlantic basins (Weatherford and Gray 1988; Martin and Gray 1993).

Aircraft, such as the WC-130H/J and WP-3D currently in use, have the endurance and speed to

reach storms up to 1000 miles out to sea. Once there, these aircraft can loiter long enough to

locate the storm's center and penetrate it multiple times, measuring wind and temperature aloft

and deploying dropsondes to collect vertical profiles of wind, temperature, pressure, and

humidity (Hock and Franklin 1999). Unfortunately, reconnaissance operations are currently

limited to the western part of the Atlantic basin, with occasional CP and EP missions.

In the absence of reconnaissance, the only in situ wind and pressure observations come

from manned or automated weather stations, ships, and buoys. Given the vast size of the tropical

ocean basins, the relatively small size of a TC, and instrument uncertainty (or damage) caused by

the extremely high winds and rough seas, the number of usable in situ surface observations of

TC intensity is extremely small.

With the relative sparcity of in situ surface and aircraft reconnaissance observations, TC

forecasters have come to rely most heavily on the third source of TC observations: weather

satellites. Shortly after the introduction of operational geostationary weather satellites, Dvorak

(1973; 1975) developed an empirical technique for estimating intensity using TC features in

visible satellite imagery. This technique, expanded to incorporate features observed in enhanced
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infrared (IR) imagery (Dvorak 1984), has become the standard for operational TC intensity

estimates. It employs pattern matching, identification of maximum and minimum cloud

temperatures, and measurements of the degree of spiral band curvature, along with intensity

change rules and constraints to produce a current intensity on a numeric scale ranging from 0.5

to 8.0. Analysts at the RSMC's, JTWC, the NOAA National Environmental Satellite Data and

Information Service Satellite Analysis Branch, and the Air Force Weather Agency use the

Dvorak technique to produce operational MSLP estimates with root mean square error (RMSE)

of approximately 10 hPa (Olander et al. 2004). An automated version of the Dvorak technique

developed by the University of Wisconsin-Madison's Cooperative Institute for Meteorological

Satellite Studies (CIMSS) achieves similar results (Olander et al. 2004). The excellent

performance of both the manual and automated Dvorak techniques, combined with the excellent

update frequency (hourly or half-hourly) of geostationary imagery, justifies their widespread

operational use. However, the Dvorak technique has shortcomings. The manual technique is

labor-intensive, requiring a highly trained and experienced satellite analyst. Its rules, combined

with the ambiguities of imagery interpretation; can introduce considerable subjectivity. Dvorak's

constraints on intensity change rates cause estimates to lag rapid TC intensity changes (Velden et

al. 1998). Finally, empirical techniques such as this are conditioned to mean events and often

perform poorly in extreme cases. A more physical and more objective remotely sensed TC

intensity estimation technique would therefore complement the Dvorak techniques in operational

use.

Passive and active microwave instruments on polar-orbiting weather satellites offer some

alternatives. The thick cirrus cloud that often canopies the center of TC's is nearly transparent at
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microwave frequencies (3 to 300 GHz). Rain emits strongly at the lower end of this frequency

band, while frozen precipitation scatters strongly at the high end. This makes the convective

clouds in TC spiral bands and eyewalls very distinct in imagery from passive microwave imagers

like the Special Sensor Microwave Imager (SSMI), Tropical Rainfall Measuring Mission

(TRMM) Microwave Imager (TMI), and Advanced Microwave Scanning Radiometer (AMSR).

This enables highly accurate TC position fixes in cases where IR imagery would have difficulties

(Alliss et al. 1993). Passive microwave imagers can also infer sea surface wind speed from the

increasing microwave emissivity of the wind-roughened ocean surface. Active microwave

scatterometers like the SeaWinds instrument are able to do the same via ocean-surface radar

reflectivity, as well as infer wind direction by observing surface reflectivity from different angles

(Katsaros et al. 2001; Yueh et al. 2003). Both types of instrument can give a large-scale picture

of TC wind field structure, but their relatively coarse spatial resolution and constraints on the

maximum wind measurable by these techniques prevent either active radar or passive imagers

from accurately estimating V,,,_, and neither type is capable of estimating MSLP.

Polar-orbiting passive microwave temperature sounding instruments, however, are well-

suited to estimating MSLP. Hydrostatic equilibrium relates surface pressure to the temperature

of the column of air above. From the temperature difference between columns in the ambient

environment and at the TC center, we can infer the MSLP difference from the ambient sea-level

pressure. Kidder et al. (1978) first demonstrated this principle using an experimental microwave

temperature sounder. At CIMSS, Velden and Smith (1983), Velden (1989), and Velden et al.

(1991) expanded on the idea using the Microwave Sounding Unit (MSU), the first-generation

operational instrument. Today, both CIMSS and the Cooperative Institute for Research in the
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Atmosphere (CIRA) produce real-time TC intensity estimates using the Advanced Microwave

Sounding Unit (AMSU) (Brueske and Velden 2003; DeMuth et al. 2004). This type of intensity

estimate is completely automated and objective and can achieve accuracies superior to

operational Dvorak intensity estimates (Herndon et al. 2004). While microwave sounding

instrument TC intensity estimation techniques are promising, they have their own shortcomings:

The AMSU instrument is carried on NOAA Polar-orbiting Operational Environmental Satellite

(POES) spacecraft. There are currently 3 operational POES spacecraft, which limits data refresh

to 4-6 hours, compared to an hour or less for IR imagery from geostationary satellites. While

geostationary satellites transmit instrument data to ground processing centers nearly

instantaneously, polar-orbiting spacecraft store data for playback to ground stations once per

orbit. Frequently, though, polar-orbiters may go 2 or 3 orbits between playbacks', making data

unavailable for up to five hours after it was collected. (The National Polar-orbiting Operational

Environmental Satellite System, NPOESS,. plans to improve this situation by using a distributed

worldwide network of ground stations when it becomes operational after 2010) The coarse

instrument resolution of microwave temperature sounding instruments (AMSU-A ranges from 48

to 150 km) causes it to sub-sample the relatively small TC warm core. The effect is currently

addressed at CIMSS using ancillary estimates of TC size (Herndon et al. 2004). And finally,

large liquid and frozen hydrometeors in the concentrated cumulonimbus convection near storm

center can scatter upwelling microwave radiation, decreasing the accuracy with which

temperature sounding instruments can measure the TC's warm core magnitude and estimate its

MSLP. The purpose of this study is to foster better TC intensity forecasts by improving the

accuracy of CIMSS' microwave TC intensity estimates through quantifying and correcting for
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these precipitation effects.

Chapter 2 of this dissertation introduces background information on the tropical cyclone

warm core, passive microwave temperature sounding, existing microwave TC intensity

estimation techniques, and the technical details of the AMSU-A and -B instruments. Chapter 3

discusses how precipitation affects microwave radiative transfer and introduces a conceptual

framework for estimating precipitation effects on AMSU sounding channels. Chapter 4 presents

results from numerical simulations of precipitation effects on AMSU sounding channels. Details

of the Reverse Monte Carlo radiative transfer model developed for this purpose are contained in

the Appendix. Chapter 5 analyzes AMSU observations of tropical convective precipitation and

discusses an empirical method for correcting its effect on temperature sounding channels.

Chapter 6 applies this correction to the CIMSS AMSU TC intensity estimation technique and

validates its performance. Chapter 7 presents concluding discussion and outlines a future

application.
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2. Background

Before Chapter 3 discusses precipitation effects on microwave radiative transfer, Chapter

2 summarizes four key areas of background. Section 2.1 discusses the tropical cyclone (TC)

warm core and its relation to the TC's minimum sea-level pressure (MSLP). Section 2.2 outlines

microwave radiative transfer and temperature sounding principles. Section 2.3 reviews previous

efforts to remotely senseTC MSLP or maximum sustained wind (Vma) via the TC's warm core

using microwave sounding instruments. Finally, Section 2.4 presents the detailed characteristics

of the Advanced Microwave Sounding Unit (AMSU).

2.1. The Tropical Cyclone Warm Core

TC's are long-lived oceanic warm-core cyclonic circulations that extend vertically

through the full depth of the troposphere and radially for hundreds of km. Their energy source is

latent and sensible heat transferred from ocean to atmosphere by evaporation and conduction,

then transported to the upper troposphere by vertical motion in organized deep convection

(Emanuel 2003; Simpson et al. 1997). The weakest TC's, with sustained winds of less than 35 kt

(or MSLP greater than about 1005 hPa) are called tropical depressions. Tropical storms have

sustained winds of at least 35 kt but less than 65 kt (MSLP between 1005 and 987 hPa). Storms

Table 2.1: TC Intensity Categorization
Sustained Wind (kt) MSLP (hPa)

Tropical depression <35 >1005
Tropical storm 35-64 987-1005
Cat 1 Hurricane 65-82 975-987
Cat 2 Hurricane 83-95 965-975
Cat 3 Hurricane 96-113 950-965
Cat 4 Hurricane 114-135 925-950
Cat 5 Hurricane >135 <925
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with sustained winds of 65 kt or greater (MSLP < 987 hPa) are called--depending on ocean

basin--hurricanes (Atlantic, Eastern Pacific, and Central Pacific basins), typhoons (Western

North Pacific basin), or tropical cyclones (Indian Ocean and Southern Hemisphere). The Saffir-

Simpson scale subdivides hurricanes into five categories according to increasing sustained wind

(Table 2.1).

TC genesis is still poorly understood because of the scarcity of in situ observations of

nascent storms and the difficulty in parameterizing or explicitly modeling the convective-scale

processes crucial to storm formation (Ooyama 1982; Tripoli 1992). TC's occur preferentially in

regions with clusters of tropical mesoscale convective systems (MCS's), such as tropical easterly

waves (the most common Atlantic basin TC progenitor) or the monsoon trough (the source of

most WNP TC's) (Nakayama 2001; Lander 1994).

These MCS's contain multiple organized convective cells, each of which undergoes a

formative, mature, and dissipative stage (Leary and Houze 1979; Leary and Houze 1979b).

Strong upward transport of latent and sensible heat characterizes the formative and mature

stages. Dissipating convective cells leave behind anvil cirrus cloud where ice crystals settle,

melt upon reaching the freezing level, and fall as stratiform rain. Latent heat release in the

convective columns warms the upper troposphere, while subsidence in the stratiform rain

beneath the anvil brings cool, dry air from the mid-troposphere down to the surface (Zipser

1969). The warming aloft and cooling near the surface stretch the air column, create a potential

vorticity anomaly,. and help to generate a vortex. The heat carried aloft in the convective plumes

creates an environment neutrally stable with respect to moist convection. Due to the neutral

stability, the Rossby radius of deformation is small in this environment, so gravity waves cannot
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efficiently carry away this heat (Simpson et al. 1997). The rotation of the developing vortex also

helps by confining the heat released to within a small radius near the circulation center. Through

hydrostatic balance, this trapped upper-tropospheric warm air creates a radial surface pressure

gradient conducive to low-level convergence.

Further development, and later, steady-state intensity, is maintained by cooperative

interaction between the primary (azimuthal) and secondary (radial and vertical) circulations. The

primary circulation consists of cyclonic low-level inflow and anticyclonic upper-level outflow

(except near the core of the circulation, where the strong convective updrafts carry cyclonic

rotation all the way to top of troposphere). The radius where the strongest cyclonic circulation

occurs is in the eyewall, the ring of convection

too- that forms at a radius of tens of km from the

200 , a circulation center. The level of strongest

300- NN
3150 4 cyclonic circulation is near the top of the

450
7,500 frictional boundary layer at around 850 hPa.
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700 N
150 -increasing radius due to the weakening
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Figure 2.1: Radial-vertical cross-section of due to surface friction. It also decreases

tangential wind from 18,000 composited
rawinsonde observations of 248 WNP storms upward from the boundary layer--and

from 1961-1970. The cyclonic circulation
increases toward smaller radii and is eventually reverses to become anticyclonic at

maximized at the top of the boundary layer,
while the anticyclonic circulation increases large radii in the upper troposphere--due to the

with height and radius. From Frank (1977).


